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SUMMARY

A tneestigation was condueted to obtain tuforma-
tion on the tire-to-surface friction cocfiicients arail-
able in aireraft braking during the landing run.
The tests were made with a (-1238 airplare on both
wet and dry conerete and bituminous pavenments and
on suow-covered and ice swrfaces at speeds from 12
to 115 knots.  Measurements were made of the mari-
mum  {(ineipient skidding) friction ceofficient, the
Full-skidding (locked wheel) friction coefficient, and
the wheel slip ratio during braking.

The mean value of the marimwm friction cocfficient
o both dry portland-cement concrete and dry bitu-
minous pavements was about 0.8, with wo effect of
speed or load evident over the ranges investigated.
For snow-corered surfaces, the mean ratue of mari-
mum friction coefficient varied from 025 1o 0.37;
the lower values were apparently associated with ey
subsurfaces under the snow and the higher values
with bare pavement subsurfaces.  Over the rauges of
the inrestigation, no effects of speed or surface tem-
perature (3° Fio 32° F) on the marinoum frietion
coefficient were evident.  On an dee swrface, the
mean value of the marimum friction coefficient was
(118 at surface temperatures of both 19° I and 32°
I owith no apparent dependence on speed.  For wet
portland-cement conerete and bituminous pavement
surfaces, values of marimuwm  frietion coeficient
caried from 0.04 to more than 080, The variations
tnomarimaom friction coefficient were believed to he
associated  primarily with variations in depths of
water along the runmway.  The ertremely low ralues
were aseribed to plawing of the tire on a film of water.

Foadl-skid (that s, loeked awleel) friction cocflicients
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on the dry, snow-covered, and ice surfaces were found
to decrease with decrease in speed as the skid pro-
gressed, reacking values between about 0.1 and 0.2,
On the wet surfaces, the full-skid friction coefficicnt
was near zero at the higher speeds and inereased to
about 0.3 as the skid progressed to lower speeds.

INTRODUCTION

The coefticient of friction which can he devel-
oped between an airplane’s tires and a runway
surface is, in many eases, a primary factor in
determining whether the airplane can make a safe
stop in landing on a given runway.  Therefore, an
adequate understanding of tire friction character-
isties under all the conditions likely 1o be encoun-
tered 1n airplane operation is important to a
nuniber of groups: airplane designers in assessing
the utilization potential of their designs, regula-
tory agencies in formulating rules for safe opera-
tions, operation groups in meeting their responsi-
bilities for safe, economical, and on-time flight
operations, and others,

(Considerable information on tire-to-surface frie-
tion coeflicients for road-vehicle applieations has
been obtained with a variety of road surface con-
ditions,  These results, however, were obtained
with automobile tires at relatively low speeds
(cenerally less than 40 knots) and there s con-
siderable question as 1o the applicability of these
results at the higher speeds, wheel loads, and tirve
inflation pressures characteristic of modern air-
plane operations.  Moreover, most of the auto-
mobile-tire results were obtained with the full-
skid or locked-wheel condition, whereas for air-
plane operations, particularly with the inereasing

1
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u=e of automatic braking devices, it appears that
the maximum  value of friction coefficient de-
veloped with the wheels in the ineipient-skidding
condition 18 more pertinent. A very limited
amount of information has been obtained for the
inciptent-skidding condition with airplane tires
on wet and dry surfaces from measurements of
spin-up loads in actual or simulated landing im-
paects (refs. 1 to 4) and from deceleration measure-
ments in braked landings of an airplane equipped
with an automatic braking system (British Min-
istry of Supply paper of limited distribution by
H. J. Keyes). Other measurements have been
made for the full-skid condition with airplane
tires on a dry surface (ref. 5) and with a small
low-pressure tire at high speeds (up to about 90
knots) on wet surfaces (ref, 6).

The present investigation was undertaken to
provide information on tire friction coefficients
more diveetly applicable to the airplane braking
problem.  Measurements were obtained in actual
Ianding runs of a C-123B airplane.  Particular
altention was given to adverse surface condi-
tions neluding wet, ey, and snow-covered run-
wavs.  Results deal primarily with the incipient-
skidding condition, although some data are pre-
sented for the full-skid condition.  Information
1= also given on the variation of friction coefh-
ctent with slip ratio and on the ship ratio at whieh
meipient skidding or maximum friction oceurs,
The smooth-contour tires used in the investiga-
tion were 48 inches in diameter, had a b tread,
and were inflated to a pressure of 65 pounds per
square inch.

SYMBOLS

oAy gross footprint arvea of tire, sq in.

.1, net footprint area of tire, sq in.

b width of tire-ground contact area
(footprint), in.

r, horizontal foree, Ib

F, vertieal foree, Ih

h half-length of tire-ground contact area
{(footprint), in.

r wheel rolling radius, 2.0 ft

N slip ratio, {(e—wy)/w

Spar slip ratio at wp,;

Ty brake torque, in-lh

airplane forward ground speed, knots
8 vertical tire deflection, .

m tire-to-surface coceflicient of {riction
during braking, £,/F,

w wheel angular velocity for unbraked
rolling, radians/see

wp wheel  angular  velocity  for braked

rolling, radians/sce

Subseripts:

a axle

ma.r maximum

full skid  fully skidding wheel (that is, locked
wheel)

DESCRIPTION OF APPARATUS
AIRPLANE

The C-123B airplane used in the investigation
(fig. 1) was an assault-type troop carrier having a
gross weight of about 45,000 pounds for these
tests.  Two features of this airplane, in particular,
led to its selection as the test vehicle. One of
thesr was the landing-gear structure, which met
the requirements for a suitable strain-gage instal-
laticn to measure the forces acting on the tires,
The other feature was the mechanical-hydraulic
antiskid braking system which could provide
freqrrent exeling of the brake action and thereby
procuce the desired traverses of wheel slip ratio
thro 1igh  the ineipient-skidding  or maximum-
frict on condition. In addition, the reversible
propellers on this airplane insured that it could
be stopped safely when operating on slippery
surfices,

INSTRUMENTATION

Strain gages were mounted on each of the main
gear axles between the brake flange and the lower
strui.  (See fig. 2.)  The gages were arranged to
measure shear and bending-moment stresses in
botl: the horizontal and vertical planes through the
axle and the torsional stresses produced by brake
torque.  Linear strain-gage-type accelerometers
were located on brackets attached to each brake
flange to determine the horizontal and vertieal
mertia forees of the part of the gear between the
ground-contaet area of the tire and the axle
strain-gage location.

The angular velocity of each wheel was meas-
ured by mreans of a pair of strain-gage aceelerom-
eters dinmetrically mounted on a plate attached
to the outer face of the wheel (fig. 3). The
aceelerometers were mounted so as to measure
radial acceleration and were coupled electrically
Sinee the

so us to cancel linear aceelerntions.
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radius was fixed. the output was proportional to
the square of the angular veloeity. The strain-
aage and accelerometer outputs were all recorded
on a photographically recording oscillograph.

The vertieal and horizontal components of the
aceeleration of the center of gravity of the airplane
were measured by means of a photographieally
recording, vane-type, air-damped two-component
accelerometer.

TIRES

The muin-gear tires used on the arplane were
tvpe 1, 17.00 20, 16-ply rating and had a rib
tread,  The tires were operated at an inflation
pressure of 65 pounds per square inch for all the
tests, the recommended pressure for the static
load carried on the main gear.  The shape of the
tire contact area for several loads is indicated in
fizure 4 by the outlines of footprint impressions
made on eardboard backed by a conerete surface.
The corresponding vertical tire defleetions, gross
and net footprint areas, and footprint length and
width are also given.  Each load for the footprints
was applied rapidly and was removed bhefore the
next loading.
what smaller tire defleetions than a cumulative

This tyvpe of loading gives some-

' 1238 airplane used in the investigation.

tvpe of loading.  Some of the chemical and
physical properties of the tread material used
these tires are given in the following table:

(‘omposition, pereent:

Rubber (natural) BYPEIH
Carbon black 30,16
Acetone extracet 6. 53
Ash 2. 50
Zine oxide 1. 63
Total =ulfur 1. 63

Curing process:

Tyvpe MeNeil watehease press

FFree sulfur (1read), percent 0. 10
Rpecifie gravity 1. 124
Shore durometer hardness G0
Tensile strength, Ihisq in:

At TR F 4, 000

At 120° F 3, H00

At 160° F 3, 000

At 200° F 2, RO0
Goodyear ring abrasion, ¢m?® loss in 20 min 7. 50

SURFACES

Wet and dry portland-cement  conerete and
bituniinous paved runways were used in the tests.
All the wet runways tested were naturally wet
from various amounts of rainfall.  Several run-
ways covered with snow deposits of various depths,
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Froenre 200 Main-gear lower <tent and axle of O 1238 air-
plane with xtrain gages installed,
ages, and  degrees of  wetness,  hardness, and

treatiment were investigated.  \n ice runway was
constructed by plowing the snow from the sur-
face of a Mrozen lake, and another snow-covered
runway was prepared alongside by removing only
Detailed
information on each of the runways is listed in
table 1.

A spectally construceted camera was used in an
attempt to obtain a measure of the texture of the

part of the snow lrom the lake surfacee.

Laal -

This camera was arranged to
photograph at full seale the shadow of a line
projected on the surface at an angle of 45° from
the vertieal. The lateral deviations of the shadow

runway surfaces,

as photographed perpendicular to the surface thus
show roughly the shape and height of the surface
irregularities.  Photographs of some of the run-
way surfaces made with the roughness camera are
given in figure 5. The locations of fine and coarse
line shadows for the roughness photographs are
indicated on figure 5(a).  In some instances it
is very difficult to see the line shadows in the
reproduced photograph.

NATIONAL AERONATIITICS AND SPACE ADMINISTRATION

TEST PROCEDURE

The results were obtained during the braked
portion ol the landing run. The pilot applied
maxinmm pedal pressure in braking as soon as
the nose wheel could be lowered after touchdown,
This  maximum braking effort provided brake
torque which, in most instances, exceeded the
maximum torque available from the [rictional
force hetween the tire and surface, and thus tended
to lock the wheels.  Actual locking of the wheels
was prevented by the antiskid deviees which fully
released the brake pressure on command from the
rapisl angular deceleration ol the wheel which
occurred after the maximum frictional force was
excerded. The wheel which had been slowed
dowpn in angular veloeity under the action of the
braking was then allowed o spin up to [free-
rolling speed hefore the antiskid deviee allowed
brake pressure to be reapplied.  The overall ae-
tion of the antiskid deviee resulted in a evelie on-
ofl wetion of the brakes. The wheel was thus
eveled from angular
velocity fess than that required to develop the
maxamum friction force.  Conseqaently, when-
ever the applied braking torque exeeeded  the
frict-on capabilities of the surface, the antiskid

free-rolling  speed to an

acticn provided a evelie varintion of the friction
forec from zero to bevoud the maximum value.
The antiskid deviee operated at about 2 eveles
per secotued, and thus maximum friction values at
a rate of about 2 per second were obtained during
the Eraked portion of the landing run.

In some instances the flap deflections were
varicd during the Innding run in order to increase
amount of data obtained.
Flap up positions were used at high speeds to

the acceuracy  and

incrense the loads on the main gear in order to
pronote bhetter accuraey by making the measured
loads Targe in comparison with the aceuracy of
meas wement.  Flap-down positions were used at
low speeds to deercase the loads on the gear
when a combination of high-friction characteristies
of th surface and high load resulted in an avail-
able orque on the wheel from the friction foree
whicl tended to exeeed the brake torque capa-
bilitics.  Where feasible, downwind landings were
made in order to increase the range of ground
speeds.  Ground speeds ranging from 12 knots
to 115 knots were covered in the tests.  In most
instances, two or more landings were made on
cach surface.
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Freuvre 3.

As soon as possible after the tests were made,
photographs of the surface roughness were made
with the camera,  For the snow-
covered surfaces, the depth of the snow and the
conditions  were noted.  Also,  the
snow was classificd by means of the simplified
field classification system (prepared by the Snow,
Ice and Permafrost  Research  Establishment)
given in reference 7. Table I1 presents a copy
of this svstem.  Air and surface temperatures
were  obtained from measurements  with  both
mercuryv-bulb and thermocouple thermometers as
well as from airport weather-station data.  For
the tests made on the frozen lake, weather data
were obtained by means of a portable automatic
recording weather station (ref. 8).

roughness

subsurface

Observations
of amount and rate of rainfall were obtained

L-57-1412.1

Main-gear wheel of (1238 airplane, showing arrangement of aceelerometers used to measure angular
veloeity of the wheel,

from airport weather-station data.  Test condi-
tions not presented in the figures showing the
results (figs. 8 to 14) are listed in table 1.

DATA REDUCTION

For eaxeh main gear, the axle strain-gage meas-
urements were used to caleulate the vertical and
drag forees on the axle. The relationship between
the strain-gage responses and the applied loads was
determined by calibration loadings of each gear in
the combined load testing machine of the Langley
structures research laboratory (ref. 9).
bined loading calibrations resulted in relation-
ships of the following form for the vertical and
horizontal axle forees:

P Oad b Cuatly o= Ol Ot i O, iy

The com-
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=3 - b —

; I, 5
Faotprint
ih i in i
\
A ‘ 5, 000 1. 21
B | 7, 500 1. 81
& ' 9, 800 | 2.33
N 12,200 ! 2. 83
I 14, 300 3. 27
I 16, 600 372
G I8, SO0 413
I 20, 900 koot

Fravre b Tire footprint diagrams and tire

4, A28, b, ‘

sepin. L s in. in. | in. i
‘ - |
18, 8 36,4 10, 1 6.0 |
83. 9 61,0 13.0 800
1. 7 6.1 153 0.2
153, 6 [E N I LA s
84,1 RN IR 5 .6
200.9 1774 20, | 127
1446, 4 214 12,8
204, | 22, 6 12,8

and foo print properties for type 111, 17.00 20,

L6-ply-ruting rib-tread tires used in the investization,  Inflation pressure, 65 Ih/=q in.

/'v/r . ( vh,l(l‘\‘,f‘ ’+ ( II!,_"lm.t'¥ (vh,ii(/,\‘.1f+ ('li,ﬂlm_)a'+ (’h.".{/r
where
oy (s .,_}(-()nstnnts determined from calibra-

Coa U tion loadings

d., output of vertical shear bridge

do s output of vertical moment bridge
d. output of horizontal shear bridge
7 output of horizontal moment bridge
d, output of torque bridge

The existence of vertical gage terms in the hori-
zontal equation and viee versa is the result of in-
teraction effects as well as misalinement of gages.

The ground-reaction forees, both vertieal and
drag were obtained by adding inertia corrections
to the axle forces. The inertia term was the prod-
uct of the mass of the gear between the ground-
contaet area of the tire and the axle strain-gage
location and the vertical or horizontal aceeleration
of this mass.

Tle ground speed was obtained by using the
relationship V'=0.592wr,.  The slip ratio was de-
termined from the relationship y—=(w—w,)/w. The
valuc of the free-rolling wheel speed w during each
brak ng cvele was determined by assuming that
w decreased linearly with time.
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FRICTION-COEFFICIENT

Locution

. Runway
number

Langley AFB, Langley

Ficld, Va.

Norfolk Muunicipal
Airport, Norfolk, Va.

Byrd Airport,
Richmond, Va.

Moisant International
Airport, New
Orleans, L.

Loring AF13,
Limestone, Maine,

Millinocket Airport,
Millinocket, Maine.

Millinocket Airport,
Millinoeket, Maine.

Bemidji Airport,
Bemidji, Minn.

Bemidji Airport,
Bemidji, Minn.

Bemidji Liake,
Bemidji, Minn.

Bemidji Lake,
Benmuidji, Minn.

95 -60 2

725

220

10- 28

1--19

11-29

16-3+4

13-31

13-31

MEASUREMENTS ON

TEST SURFACES AND TEST

TABLE 1
CONDITIONN

Surface deseription

Portland-cement conerete. Runwuy ends
blackened with rubber deposits. For
wet tests, surface wet enough so that
tires threw a spray of water.

Dry bituminons
appears to be
mostly small size.
vears old.

pavement
mixed
Surface

nggregate
crushed stone,
15 or 16

Dry bituminous pavement  part of sur-
face relatively smooth texture and part
rather rough texture.  Aggregate ap-
pears to be a fine erushed rock.

Bituminous pavement surface texture

uniformly smooth with only fine aggre- !

gate content.  For landing made diuring
heavy  thundershowers,  surface  ap-
peared covered with sheet of water
1,y inch to 'y ineh deep.

Portland-cement concerete
old seraped snow that had been purtially
melted  and  refrozen.  Iee coverage
about 20 pereent.  One-fourth inch to
17 inch new, soft, moist snow on top.

Bituminous pavement covered by 14 to
1y ineh of new moist snow hard packed
by recent ploughing.

[ee-spotted bituminous pavement covered
by 5 10 6 inches of new, xoft, dry snow
with T{g-inch-thick erust.

Bituminous pavement almost completely

covered by iey packed snow subsurface
under complete  coverage of 1 1o
2 inehes of new, soft, dry snow.

Bituminous pavement almost completely

covered by iey packed snow subsurface |

under complete coverage of 1 to 4inches
of new, soft, moist snow.

Frozen lake surface covered by 5 inches
old, soft-to-hard, moist-to-wet snow
left when top 7-inch layer removed by
ploughing.

Frozen lake surface covered by 5 inches
old, hard, dry snow subsurface left by
previous  ploughing operation under

| to 3 inches new, soft, dry snow.

VARIOUS RUNWAY

covered with

SURFACES

Text conditions

(bY Wet surface, air
temperature 67° F.

Air temperature 71° F.

Air temperature 77° F.
Surface temperature
68° F.

(a) Dry =surface, air
temperature 81° F.

() Wet surface, air
temperature 66° 1.

Air temperature from
129 to 19° F.

Air temperature 16° to
17° F.  Surface tem-
perature 18° F. o Tire
broke through to sub-
surface frequently.

Air temperature 16° to
17° F.  Surface tem-
perature 18° F. Tire
broke through to
subsurface frequently.

Air temperature —5° to
—2° F. Burface
temperature 3° F.
Tire broke through
to subsurface.

! Air temperature 36° F.

i Surfaee temperature
32° . Tire broke
through to subsurface
and oceasionally to
pavement,

Air temperature 32° F.
Surface temperatire
32° F.

Air temperature —2° 1,
Surface temperature
19° F.

=1

f1) Dry surface, air tem-
perature 58° to 64° I
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TABLE 1. Concluded
TEST SURFACES AND TEST CONDITIONS

‘ Runway Location Runway Rurfaee ceseription Test conditions
‘ : I number i |
I, Bemidji Lake,

14-32 | Frozen lake surface. Thin, patehy snow - (1) Air temperature !
| residue left on dee from ploughing ! 30° F., surface
‘ j temperature 32° F.

i (b Alr temperature

| 2° F., surface
temperature 14° F.

|
Bemidji, Minn. ‘
\ aperation.

: N C Patriek Henry Air- i 6 24 7 Wet portland-cement conercte. Surfaee | Air temperature 65° F.
: i port, Newport : ‘ thoroughly wet by 2-hour period of
: } News, Va. livht drizzle to Lght rain conditions.

i Tires threw spray of water. Deep
; ‘ puddles noted at sunway interseetions.
i |
: - ~ i | .
N Naval Air Station, } 1) 28 ‘
Norfolk, Va. ‘

-

Wet bituminous  pavement.  Asphalt
concerete with grenite chip aggregate.
Surface 5 vears oll. Surface wet from
previous rain and dotted with puddles.

ir temperature G0° F,

_ I ;_-58-1996.|

0 Runway AL east ead.

Frover 5.0 Some of the runway surfaces on which tire-to-surface friction coeflicients were measured during
braking of the ¢° 12318 airplane,



SURFACES

ON VARIOUS RUNWAY

FRICTION-COEFFICIENT MEASUREMENTS

58-1998.1

4

wtoend.,

AL w

ihi

Runway

ontinued.

'

(

h.-

Fravre

-58-1232.1

rraded,

red

Runway B, dense

- Continued,

URE 3.

o

¥
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tdb Runway B, open graded.

Frovwre 5. Continud,

(¢) Runway (', sinooth t xture.

Frovre 5. Continued.
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o RIS
N v %o

I "“.*0‘4 .. , - §
““-‘j w_}‘- &

(f) Runway C, rough texture,

Frevre 5. Continued.

L-58-1394

() Runway D.

Frevre 5.--Continued.
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L-58-1367

(h) Runway I, breakthrough to pavement.

Frcure 5. Continued.

L-58-1366

(i) Runway I, breakthrough to packed-snow subsurfuce.

Fravwe 5. Continued.
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L-58-1397

(j) Runway L.

Fravre 3. Continued.

. -

~

L-58-1377.|

(k) Runway M, no deposits.

Frcure 5.—Continued.
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iL-58-1378!

(0 Runway M, rubber doposits,

Fravre 5. Continued.

(m) Runway N.

Fraore 50 Concluded.
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TABLE II

SIMPLIFIED FIELD CLASSIFICATION OF
NATURAL SNOW TYPES FOR
ENGINEERING PURPOSES

CGirain Nature

New snow (original erystal forms sieh ax stars,
plates, prisms, needles; and graupel granules are
recognizable)

Old snow, granular, fine-grained (mean diameter is
less than approximately 2 mm like table salt)
Old snow, granular, coarse-grained (mean diameter
is Jarger than approximately 2 mm

sand)

Depth  hoar (cup-shaped erystals 3 to 10 mm
diameter, usually found near the bottom of snow
pack)

like coarse

Hardness (use gloves)

Noft (4 fingers) * ‘
Medium hard (1 finger)™ i
¢+ Hard (penei)*
Very hard (knife)*

I'he objeet inddicated (hut ot the foregoing oned can be pushed into the
snow without eongiderable effort.

Wetness (use gloves)

Dry (xnowball cannot be made)

Moist (does not obviously contain liquid water, but
snowball can be made)

Wet (obviously contains liguid water)

Slishy {water can be pressed out)

RESULTS AND DISCUSSION

Typical curves for the variation of the vertical
and horizontal ground-reaction forces, the brake
torque, the wheel angular velocity, and the co-
efficient of friction with the slip ratio during one
braking cvele are shown in figure 6. Results are
shown only for the portion of the eyele during
which the brake torque was increasing (with
resulting deerease in the wheel speed).  Results
for the remainder of the eyele, during which the
brake torque was released and the wheel spun up,
were found to be unreliable beeause the rapidity
with which this part of the eyele occurred was
too high for the frequency-response characteristies
of the instrumentation. It can be seen in figure 6
that as the brake torque is applied, the coefliicent
of frction incereases to a maximum at a shp ratio

ATTON 60 3

8x103--

F, ond Fp, ib

Brake torque, 7g, in.-lb

Wheel angulor velocity, 27w, rps

4 6 8 1.0

Slip ratio, s

Frouere 6. Typical variation of vertical and horizontal
ground-reaction forees, brake torque, wheel angular
veloeity, and coetlicient of friction with =lip ratio meas-
wred in braking of the (U 12318 airplane on o dry surface.

of 0.125; with [urther merease m brake torque,
the cocefficient of friction deereases. Most investi-
eators believe that the slip of the wheel for the
part of the curve prior to the peak is primarily the
result of the stretching of the rubber in the foot-
print of the tire. DBeyond the peak, adhesion
between the tire and surface deteriorates with
progressing amounts of skidding until, at a slip
ratio of 1.0, full sliding occurs
is locked.

that is, the wheel

It can be realized from the results given in
figure 6 that the minimum stopping distance would
he attained by using the correet amount of brake
torque to give the peak value of friction coeflicient
at all times during the braked landing roll.
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Operation of the braked wheel at slip ratios MAXIMUM FRICTION COEFFICIENT

greater than that for maximum friction coeflicient Dry surfaces. ‘The variation of the maximum
(incipient-skidding condition) not only increases
the stopping distance but, beeause of the skidding,
micreases tice wear.  In an attempt to make use
of the maximum value of friction coeflicient,
various antiskid devices have been developed and
are in current usage.  For these reasons, most of
the results presented in this paper are concerned

values of friction coeflicient w,., with ground speed
for a dry portland-cement conerete runway and
for three dry bituminous pavements is given in
figures 7(a) and 7(b).  For both types ol dry
pavements, it can be scen that the mean value
Of pipmar 15 about 0.8, and no marked variation with

with the maximum value of the coeflicient of speed s evident over the ranges tested.  Results
friction. could not be obtained at speeds lower than those
l.o», N N i N T 1
| | | ) |
‘ o ° |
- ! ! 7 8 o
8 ! __omf_%{o%}l__@o%_ S i " ¥
o o %0 o oolod § > <) i
o 0 ° ‘
6 ! : ‘ : “
] |
EN ‘ | !
I
4} . — f- ’ . 4 .
i |
|
|
I
| i
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Iiivre 70 Variation with ground speed of maximum values of tire-friction coefficient measured in braking of the
C 1238 airplane on various dry runways,  The vertieal fores F, ranged from 1,900 to 9,600 pounds.
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shown beenuse the maximum brake-torque capa-
bility was insufficient to develop the maximum
horizontal foree available at the increased vertical
loads.  The spread in values of .. for the dry
surfaces is believed to be caused by the effects
of such parameters as tire temperature, surface
roughness, and surface deposits such as skid marks.
Over the range of F, covered in the tests (1.9 (107
to 9.6 10* pounds), no effect of vertical load could
he determined from examination of the results for
the concrete surface.  Comparison of the results
for the dry bituminous pavements with the surface-
roughness pictures (fig. 5) does not reveal any
significant effects of roughness on the frietion
coeflicient.

Snow-covered surfaces. -The variation of p,..
with ground speed on seven different snow-covered
runways is given in figure 8. Considerable varia-
tion in the mean values of w,.,, for the different
runways is evident, the mean values ranging from
0.25 up to 0.37. [t appears that, in general, the
lower nrean values are associated with an iey sub-
surface, while the higher mean values oceur when
the subsurlface s for the most part bare pavement.
These results appear to indieate that the tire is
breaking through the upper snow deposit during
braking and the subsurface thus has considerable
effeet on the value of we,.

A speetal ease illustrating the effeet of break-
through on p,e oceurred with runway [ (fig. 8(e))
where higher values of g,q, are clearly evident dur-
ing several eveles for the left gear. These higher
values are believed to be the result of the ocea-
sional breakthrough to the bare pavement which
was noted on examination of the airplane tracks.
Photographs of the tracks made with the roughness
camera for breakthrough to the iey packed-snow
subsurface and to the bare pavement are shown in
ficures 5(h) and 5(1). For this test the right gear,
which was operating in the deeper snow at the edge
of the runway, had less tendeney to break through
than the left gear,

The influence of the subsurface on g, 15 evident
also for runways Fand G (figs. 8(b) and 8(¢)). On
runway I it was noted that the airplanc tires gen-
erally cut through to the bituminous surface, which
apparently 1esulted in the relatively high mean
value of w,er. The two low points at speeds of
about 59 and 62 knots are probably the result of
breakthrongh to an iey pateh. On runway G it

was noted that the airplane tires occasionally cut
through to cither bituminous or ice subsurface,
which explains the greater variation of pr for
this test than Tor the other fests on snow-covered
surfaces.

For the ranges covered in the tests, speed ap-
peared to have little or no effeet on the value of
pmare  Varintions in snow depth, age, hardness,
moistness, and treatment had no distinguishable
effect on gpa,.  Similarly, no effect of surface tem-
pergiure on ge is evident for the range of surface
temperature covered in the tests (3° F 1o 32° 7).
(See table 1.)

Ice surface. The variation of u,., with ground
speed for test on the ice runway prepared on the
frozen lake surface is given in figure 9 for two sui-
[ace temperatures. [t ean be seen that the mean
value of ., for both the subfreezing surface tem-
perature (19° 19) and the freezing-point surface
temperature is about 0.18, and no dependence on
speed is evident over the speed range covered.
[t is believed that the value of g in these eases
is probably limited primarily by the shearing
strength of the ice. For the ease with the surface
temperature at the melting point, it should be
pointed out that no film of water was observable
on the runway surface. The lack of an apprecia-
ble film of water may well be the reason for the
agreement of .. values at the two surface tems-
peratures: for two ice surfaces which differ in that
one is covered by an appreeiable film of water,
the e values may differ markedly.

Wet surfaces. —The variation with ground speed
of pmer Tor six different wet surface conditions is
given in figure 10, Parts (1), (b), and (¢) of this
ligure show results for wet portland-cement con-
erete and parts (d) and (¢) show results for wet
bituminous pavement.  The approximate mean
value for the dry pavement, taken from figure 7,
is shown in cach part ol figure 10 for comparison.
Since the conditions for these wet-surface tests
were continually changing, it was not possible 1o
make repeat landings, and henee the number of
eveles obtained for cach condition is limited.
Also, since surface conditions were found to be
different for each main wheel, the results for the
two wheels are presented separately.

[t can be seen in figure 10 that the values of
toar wWere, in general, considerably lower for the
wet surfaces than for comparable drv surfaces.
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Fraere 8 Concluded.
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(n) Runway A (east end); wet portland-cement conerete; landing made during light rain (0.02 inch per hour) just
after 0.16 inch of rain had fallen in previous 40 minutes.
(hy Runwayv A (west end): wet portland-cement conerete; landing made during light rain (0.02 inch per hour)
about 15 minutes after end of O.16-ineh rainfall in a 40-minute period.

Fravre 10, —Variation with ground speed of maximum values of tire-friction coeflicient measured in braking of
the C 1238 airplane on various wet runways.  The vertieal foree Fo ranged from 1,300 (o 13,100 pounds.
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() Runway D wet bituminous pavement.

Fiaure 10.

The values of w,,, for the wet surfaces, however,
varted from as low as 0.04 to over 0.80. These
variations are ascribed primarily to various depths
of water along the runway, the lower values of
umar being associated with the greater depths of
water. The effect of water depth can be seen by
comparing the p,,, values obtained in the land-
mg made in a heavy thunderstorm, when consid-
erable water was evident on the runway, with those
obtained i the landing made three-fourths of an
hour later during a hight rain shower, when less
water was present {(fig. 10(d)). The effect of the
depth of water on u,q, 15 further evident from

Continuel.

the resits in figure 10(e) which indieate that, for
a runway which had water deep enough to coves
the sur ace projections only in oceasional shallow
puddles, the values of p,.. obtained were about
the san e as those for a dry surface except for the
oceastonal lower value obtained when the wheel
apparer tly passed through a puddle.

The -clatively low values of g, found on wet
surfaces are believed to be associated with partial-
to-full loss of contact between the tire und the
surface 1 the footprint area by interposition of a

laver o water.  With full loss of contaet in the
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{(¢) Runway N:wet bitmminous pavement; landing made in light drizzle with ranway =till wet from previous rain
and dotted with shallow puddles.

Fravre 10,

footprint area the tire is, in cffeet, planing on the
surface of the water.  (This process could possibly
also be analogous to perfeet lubrication in a
bearing.) It appears that, under wet conditions,
in order for the tire to make contact with the solid
runway surface it must first foree the water out
of the way. That i3, the tire exerts pressure on
the water in the footprint area and ejects it,
generally out to the side.  However, because of
the inertia of the water and viscous cffects, this
process takes time.  As the forward speed of the
tire is increased the tire travels farther in the time
required to eject the wuter, and therefore the
water penetrates farther along the footprint or
contact area of the tire. The area of the foot-
print in contact with the solid surface is thereby
reduced, and consequently the friction coeflicient
that can be developed is decreased.  Ultimately,
il the speed becomes high enough, the water will
penetrate the full length of the footprint and all
contuct with the solid runway surfuce will be
lost, leaving only the relatively insignificant re-
tarding forces that can be exerted by the water.
An elementary analysis of this process, without
consideration of viscous effeets, indieates that for
1 given water depth and surface texture the dis-
tance of penetration of the water under the foot-
print of the tire is proportional to the forward
speed and the width of the tire footprint and in-
versely proportional to the square root of the tire

Coneluded.

pressurc.  That is, the coefficient of friction that
can be developed on a given wet surface would be
expected 1o decrease with inerease in forward
speed, with inerease in ratio of footprint width to
length, or with decrease in tire pressure.

An interesting effeet of the extremely low fric-
tion coeflicients that ean be encountered with wet
surfaces is illustrated in figure 11, which gives
time histories of the slip ratio, brake torque, and
braked landing on a
It 1s seen

friction cocflicient during :
wet portland-cement conerete runway.
that, after the brake torque is released by the
antiskid device, the wheel tends to remain in a
partially skidding condition for a considerable
time before spinning up or until the wheel slip is
reduced  sufficiently to allow another braking
evele to oceur. During the partial skidding a
very low friction coefficient (in general, less than
0.1) exists.  The resultant moment on the wheel
from the combined action of the frietional force
and the pressure forces of the water is apparently
small under these conditions and the spin-up is
slow.  Similar have been demonstrated
with a model wheel subjected to the action of
water forees on a treadmill apparatus (ref. 10).

effects

FULL-SKID FRICTION COEFFICIENT

Through inadvertent locking of one wheel by
temporary malfunction of the antiskid device,
some full-skid friction coefficients were obtained



Broke torque, 7g, in.-lb

Fravre 11, ~Variation of tire-friction cocflicient, hrake toryue, and slip ratio with time for
airplane during partial skidding on wet portland-cement conerede FHIWIY .
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Ficonre 11,

on a dry portland-cement conerete runway, a
snow-covered runway, the frozen lake surlface, and
. - .
two wet surfaces.  These results are shown in
ficure 12, Except on the wet surlaces, the full-
skid rFiction coefficient deereased in general as the
adues between about
This deerease is believed to have been

skid continued, reaching
0.1 and 0.2,
caused primarily by heating associated with the
frictional forces.  For the dry surface, the result
was 1 “burning” skid ending with a blowout.

For the skidding wheel on the wet surfaces
(fig. 12(d)) the full=kid friction cocflicient was
apparently near zero at the beginning of the skid -
that is, at the higher speeds.  As the speed de-
erensed, the fullskid friction coeflicient increased
to a value of about 0.3 at the lower speeds. The
extremely low values of the full-skid friction co-
efficient, especially at the higher speeds, are be-
lieved to be associated with planing ol the tire on
the water, as has been previously discussed. Tt
appears that the effeet of the water on the full-
skid friction coeflicient deercases as the speed de-
ereases.  This deerease in the effeet of the water

is also in agreement with the model tests referred

-Coneluded.

to previously (rel. 10).
RELATION OF FRICTION TO WHEEL SLIP

The relation between the tire-to-surlace friction
and the wheel slip ratio in braking is important
to the understanding of the stress and strain de-
veloped in the tire contact area (ref. 11) and is
also important in the development and design of
antiskid deviees.  Examples ol the relationship
hetween the coeflicient of friction and the slip
ratio for some of the surfaces tested are given in
figure 13, For the dry portland-cement concrete
(fig. 13()) the cocllicient of friction inereases [aarly
linearly with slip ratio up to a well-defined peak,
and bevond the peak it deereases rather slowly
with further inerease in slip ratio. It is not known
whether the differences in the variation of the co-
officient of friction with slip ratio below the peak
values of g are eaused by such factors as vertical
load, tire temperature, and speed or occur as
a result of the limits of accuraey in the measure-
ment of slip ratio. 1t should be noted, however,
that the peak values of g all occur within a narrow
hand ol slip ratio.
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Variation with ground speed of full-skid tire-friction-ccefficient values measured in braking of the
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In contrast to the drv-surface results, the
friction-alip relationship for the surface covered
with deep snow (fig. 13(h)) has a less linear initial
slope and, in general, & more rounded peak, with
the slip ratio for the peak value varving over a
farge range. With less snow (for example, fig,
13(c¢)), a more hnear slope of the mereasing part
of the curve s apparent, but both well-defined
and rounded peaks are evident. The friction-slip
relationship for the results on the ice surface (fig.
13(d)) appears to be characterized by a rather
linear inerease up to a sharp peak, and a rapid
i value bevond the peak. In
cases, extremely low values of u apparently oceur
at rather tow values of slip. For the wet surfaces
(figs. 13¢e) and 13(0), the inereasing part of the
curve appears to be fairly linear, as was the case

decrease sSome

for the dry surface. and the peaks also appear to
be well detined. The deerease in g bevond the
peak, however, 15 much more rapid than for the

dry =urface.
SLIP RATIO FOR MAXIMUM FRICTION COEFFICIENT
The slip ratio corresponding to the maximum
friction coetlicient is of interest in the design of
antiskid devices based on holding the wheel at a

-

1.0

AERONAUTIUS

AND SPACE ADMINISTRATION
fixed velue of ship ratio during braking. In order
to llusieate, for the surfaces tested, the effeet of
speed on the shp ratio at which the maximum
friction cocflicient was developed, the =lip ratios
corresponding to g, 11 figures 7 to 10 are pre-
sented i figure 140 1o the limited speed range
covered for the dry surfaces (figs. 14 (a) and 14(h)).
no effect of speed on the mean value of ship ratio
for maximum frction  cocflicient  ~,,, .  was
evident.  NMean values of 1 0.075
obtained for s, , on the conerete and hituminous

and were

surfaces, respectively., For the snow-covered and
iee surfaces, however, results were obtained to
much lower speeds, and the mean value of s, .,
generally inereased at the lower speeds,
14(¢) and 14(d).)
mean values of «,,. . ranged from 0.03 at high

(See ﬁg's,

For the snow-covered surfaces,

speeds on surfaces with shppery subsurfaces to
0.23 . deep snow on a runwayv with a bare-
pavement subsurface. The s, . values for the
wee surface were similar to those for the snow-
covered surfaces with a shippery subsurface. For
the wet surfaces (figs. 14(c¢) and 14()), because of
the lim ted amount of data obtained, a rational
determined.

mean value of ~,,. . could not be

4

(b}

i” i

4
Slip ratio, s
(a) Dry portland-cement conerete (runway A).

Frevee 13,

4
Slip ratio, s

(b) Five to 6 inches of snow (runway G,

Variation of tire-friction coeflicient with slip ratio measured in braking with the C 1238 airplanc

on runways having various surface conditions.
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e) Wet bituminous pavement (runway 12).

Fraure 13.

4
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(f) Wet portland-cement conerete (runway b,

Coneluded.
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Variation with ground speed of slip ratio for maximun. friction coeflicient measured in braking of 1he

C 1238 airplane on runways having varicus surfuee conditions.

Values of s, . from 0,02 to 0.26 were obtained on
the wet surfaces, this large varintion apparently
being associated with the large changes in g,
shown previously.

Study of the friction-slip curves (fig. 13) and
the =lip ratios for maximum friction (fig. 14)
iedicates that an antiskid deviee built to operate
the wheel at a fixed slip ratio of about 0.10 would
generally be suceesstul in developing elose to the
maximum coeflicient of friction available at these
speeds for dry and snow-covered surfaces. al-
though in some cases where the peak occurs at a
Jower ship ratio some excess tire wear might result.
For the iee surface, however, a mueh lower slip
ratio (about 0,03 or 0.04) would have to be used
at  the higher speeds inorder to avoid large
pereentage losses i the friction being developed.
For the wet surfaces, the large variation (0.02
to 0.26) in the ship ratio for maximum friction
coeflicient makes an operational slip ratio dif-
ficult to select. Tt appears from these results,
therefore, that a compromise slip ratio (of, per-
haps, 0.05) would have to be used for a fixed-
slip antiskid deviee, A deviee with this slip
ratio would result in some loss in stopping dis-
tance on all surfaces, compared with a device
which could develop the maximum friction foree
at all times,

CONCLUSIONS

This paper has presented the results of an
investigation with the C-123B airplane to de-

termine  the tre-to-surface friction coefficients
available in braking on both wet and dry conerete
and bituminons pavements and on snow-covered
and ice surfaces at speeds from 12 knots to 1153
knots.  Some of the principal results are:

t. The mean value of the maximum frietion
on bot dey pordand-cement conerete and dry
bitumirous pavements was found to be about 0.8,
with no effeet of speed or load evident over the
ranges nvestigated.

2. For snow-covered surfaces, the mean value
of max mum friction coeflicient varvied from 0.23
to 0.37; the lower values were apparently asso-
ciated with ey subsurfaces and the higher values
with  Pare  pavement Over the
ranges of the investigation, no effects of speed
or surfice temperature (3° F to 32° F) on the
maximim friction coeflicient were evident.,

subsurfaces.

A0 0n an ee swrface, the mean value of the
maximum friction coeflicient was 0,18 at surface
temperatures of both 19° F and 32° F, with no
apparent dependenee on speed.

4. For wet portland-cement concerete and  bi-
tumino s pavement surfaces, values of maximum
friction  coefficient  varted from 0.04 (o more
than 0.30. The variations in maximum friction
coeflicient were believed 1o be associated pri-
marily with variations in depths of water along
the
ascribed to planing of the tire on a film of water.

runway.  The extremely low values were

5. Full-skid (that is, locked wheel) friction co-



FRICTION-COEFFICIENT MEASUREMENTS ON VARIOUS RUNWAY SURFACES
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Frauore 11,

officients on the dry, snow-covered, and ice surfaces
were found to deerease with deerease i speed as
the skid progressed, reaching values between about

Continued.

0.1 and 0.2. On the wet surfaces, the full-skid
friction coeflicient was near zero at the higher
speeds and inereased to about 0.3 as the skid
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Smax @

progressed to lower speeds.
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Frovre 1. —Concluded

The extremely low

values of the friction coeflicient at the higher speeds
were asceribed, as before, to tive planing,

6
the
var

. The mean values of wheel slip ratio at which
maximum friction coeflicient reached
led considerably with surface conditions and

Wi

I some cases varied with speed.

Lavorney Researcn CENTER,
NATIONAL AERONAUTICS AND Spack ADMININTRATION,

o)

Lancrey Fiewp, Va, Janwary 23, 1959,
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